Abstract A xylanase gene (xynZF-2) from the Aspergillus niger XZ-3S was cloned and expressed in Escherichia coli. The coding region of the gene was separated by only one intron with the 68 bp in length. It encoded 225 amino acid residues of a protein with a calculated molecular weight of 24.04 kDa plus a signal peptide of 18 amino acids. The amino acid sequence of the xynZF-2 gene had a high similarity with those of family 11 of glycosyl hydrolases reported from other microorganisms. The mature peptide encoding cDNA was subcloned into pET28a(?) expression vector. The resultant recombinant plasmid pET-28a-xynZF-2 was transformed into E. coli BL21(DE3), and finally the recombinant strain BL21/xynZF-2 was obtained. A maximum activity of 42.33 U/mg was gained from cellular of E. coli BL21/xynZF-2 induced by IPTG. The optimum temperature and pH for recombinant enzyme which has a good stability in alkaline conditions were 40°C and 5.0, respectively. Fe 3? had an active effect on the enzyme obviously.
Introduction
The largest renewable carbon source on earth is the cell wall of plants, which consist primarily of cellulose, hemicellulose, pectin and lignin [1] . Among these components, hemicellulose is the second-most abundant fraction after cellulose [2] . Xylan which is the main component of plant hemicellulose has a very complex structure. Complete breakdown of this complex polymer requires the action of several enzymes [3] . Among them, the most important one is the b-1,4-xylanase (EC 3.2.1.8), which cleaves internal glycosidic bonds at random or specific positions of the xylan backbone and thus hydrolyzes xylan into xylooligosaccharide and xylose [4] . Applications of xylanases began in the 1980s in the preparation of animal feed, and later developed to the pulp and paper, food, brewing and textile industries. Since then the demands for xylanases have increased dramatically, covering a wide range of industrial fields [5] [6] [7] .
Based on amino acid sequence homologies and hydrophobic cluster analysis, xylanases have been grouped mainly into two families of glycosyl hydrolases: family GH10 and family GH11 [8, 9] . And the catalysis area of xylanase has the high homology in the same family. Xylanases of family GH11 are mostly single domains with a relatively low molecular weight (MW) (19) (20) (21) (22) (23) (24) (25) , the optimum temperature 50-60°C and a b-jelly roll structure compared to the family F/10 xylanases that are more domains, not only the catalytic domain, but also cellulose binding domain, with a high MW ([30 kDa), the optimum temperature 60-80°C and a (ab) 8 barrel structure [4, 10] . The major enzymes comprising the GH10 family are endo-1,4-b-xylanases and a small number of endo-1,3-b-xylanases (EC 3.2.1.32). By contrast, the GH11 family consists solely of endo-1,4-b-xylanases and usually gives larger end-products than the GH10 family members [11] .
Since 1983, Bernier et al have isolated xylanase gene from Bacillus subtilis PAP II 5 for the first time. Many kinds of xylanases have been cloned [12] [13] [14] [15] [16] [17] , and expressed in heterologous hosts [13] [14] [15] [16] [17] [18] [19] . Although many xylanase genes have been described from diverse microorganisms, relatively little is known about xylanase gene from Aspergillus niger XZ-3S.
Aspergillus niger XZ-3S is a high yield xylanase strains preserved in this laboratory. Here, we reported the sequence, analysis, cloning and expression of xynZF-2 gene from A. niger XZ-3S in Escherichia coli BL21(DE3). To our knowledge, this is the first report describing a xylanase gene from A. niger XZ-3S.
Materials and Methods

Strains and Plasmids
Aspergillus niger XZ-3S, isolated from soil in China as reported previously [20] , was used as a source of xylanase and as a RNA and DNA donor strain. E. coli JM109 and BL21(DE3) (Novagen, USA) were used as host cells for gene cloning and expression, respectively. pUCm-T vector for cloning of PCR products was purchased from Shanghai Sangon Co., Ltd. Expression vector pET-28a(?) was obtained from Novagen (Madison, WI).
Reagents
TRIzol reagent, saturated phenol, Ampicillin (Amp), Kanamycin (Kan), and UNIQ-10 Column DNA Gel Extraction Kit were purchased from Sangon (Shanghai, China) Co. Ltd. RNA PCR Kit (AMV) Ver. 3.0, T 4 DNA ligase, Taq polymerase, IPTG, X-gal and restriction enzymes were purchased from TaKaRa Biotechnology (Dalian, China) Co. Ltd. Tryptone, yeast extract, and agarose were obtained from BBI (Markham, Canada). The HiTrap affinity column for Ni 2? -chelating chromatography was from Amersham Pharmacia Biotech (Uoosala, Sweden). All other chemicals were of analytical grade.
Medium
Luria-Bertani (LB) medium (per liter: 10 g tryptone, 5 g yeast extract and 10 g NaCl, pH 7.4) was used for culturing E. coli. LB solid supplemented with 20 g/l agarose. A. niger liquid fermentation medium (per liter: 10 g tryptone, 5 g yeast extract, 10 g glucose and 200 ml corn cob extract which was made of corn core and prepared by alkaline hydrolysis (pH 9.0) for 2 h at 80°C, natural pH) was used for culturing A. niger XZ-3S strains for 36 h at 28°C on a rotary shaker (110 rpm), and then collecting mycelia was used for the XZ-3S total RNA, total genomic DNA extraction.
Total RNA and Genomic DNA Isolation The mycelia were collected through filtration and washed several times with deionized water. The total RNA was extracted from the mycelia in a one-step method TRIzol (Sangon, China). Extracted total RNA had a ratio of A 260 -A 280 of 1.96. The 18S and 28S rRNA bands, on formaldehyde denatured agarose gel electrophoresis were fungi specific (data not shown). Indicating that the total RNA had high purity and was not decomposed. Extraction of the genomic DNA from A. niger XZ-3S was performed according to the articles [21] .
Primers for PCR Amplification
After aligning the sequences of GHF 11 xylanases from the fungi, Aspergillus usamii (Genbank accession number: ABC26493), A. sulphureus (Genbank accession number: AAZ 95432), A. tubingensis (Genbank accession number: CAA02442), and A. nidulans (Genbank accession number: CBF75776), we found that there is a peptide fragment, MLTKNLL located in the signal peptide region, with the highest identity. A degenerate primer P1 [5 
Amplification of the Target Gene
The 3 0 -end region of xynZF-2 cDNA, originating from the starting codon ATG, was amplified by using RNA PCR Kit (TaKaRa, China). Primer OT was used as the primer for reverse transcription of the first-strand cDNA. Using the resulting first-strand cDNA as the template, PCR amplification was performed with primers P1 and M13 as following conditions: a denaturation at 94°C for 2 min; 30 cycles of at 94°C for 30 s, 52°C for 30 s, 72°C for 1 min; an elongation at 72°C for 10 min.
According to the cDNA sequence of the xynZF-2, a reverse primer P2 [TTACTGAACAGTGATGGACGA-AGA] was designed corresponding to the transcription terminal region. The conditions of PCR amplification were: a denaturation at 95°C for 10 min; 30 cycles of at 94°C for 30 s, 52°C for 45 s, 72°C for 1 min; an elongation at 72°C for 10 min. Using genomic DNA from A. niger XZ-3S as the template, the complete DNA sequence was directly obtained by PCR amplification with primers P1 and P2.
DNA Manipulations and E. coli Transformation
Digestion of DNA with restriction endonucleases, separation of fragments by agarose gel electrophoresis, ligation of DNA fragments, transformation of E. coli with plasmidic DNA and extraction of recombinant DNA were all performed according to the standard method [22] .
Nucleotide Sequence Accession Number and Sequence Analysis
The GenBank accession number of xynZF-2 cDNA sequence is JQ700382.
Nucleotide and deduced amino acid sequences were analyzed using the ExPASy Proteomics tools (http://www. expasy.org/tools/). The homology of the sequence was processed with DNAMAN 5.0. Signal peptide was analyzed by SignalP 4.0 server (http://www.cbs.dtu.dk/ services/SignalP/). The theoretical isoelectric (pI) and molecular weight (MW) were calculated by Compute pI/ MW tool (http://web.expasy.org/compute_pi/). Secondary structure and homology modeling of three-dimensional structure were predicted using CFSSP (Chou & Fasman Secondary Structure Prediction Server) (http://www. biogem.org/tool/chou-fasman/) and SWISS-MODEL (http: //swissmodel.expasy.org/workspace/index.php?func=mod-elling_Simple1).
XynZF-2 Expression and Purification
After the complete xynZF-2 gene sequence was obtained, the cDNA fragment encoding the mature peptide of xylanase was amplified with forward primer BC and reverse primer BZ. The DNA fragment was ligated into pET-28a(?) with restriction sites of EcoRI and HindI to generate construct pET-28a-xynZF-2. The expression construct was used to transform E. coli BL21(DE3) for expression with the plasmid pET-28a(?) for control. The transformants were screened on LB broth supplemented with 100 lg/ml kanamycin and cultured with shaking at 37°C overnight. Twenty microliters of seed culture were transferred into fresh medium and cultured until A 600 reached 0.6, and IPTG (final concentration 2 mM) was then added for induction. The bacterial cells were cultured for another 6 h at 29°C before collection by centrifuge. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was applied for conformation of the expressed product.
For xylanase purification, all operations were performed at 4°C unless otherwise mentioned. After growth in liquid medium, cells were harvested by centrifugation, washed with cold saline, and suspended in 10 ml of cold sodium citrate buffer, pH 4.6. Cells were homogenized by ultrasonic treatment. Supernatant was obtained by centrifugation at 12,000 rpm for 10 min at 4°C. The crude extract of enzyme was purified by Ni 2? affinity chromatography according to the instructions provided by the manufacturer. The homogeneity of the purified enzyme was monitored by SDS-PAGE. SDS-PAGE was performed in a 12 % (w/v) polyacrylamide gel according to the method of Laemmli [23] . Protein bands were visualized by Coomassie brilliant blue R-250 staining. Protein was determined by the Bradford assay [24] using bovine serum albumin as a standard.
Xylanase Activity Assays
Xylanase activity was measured using 0.5 % (w/v) birchwood xylan (Sigma, USA) as a substrate in 50 mM Na 2 HPO 4 -citric acid buffer, pH 4.6, at 40°C for 15 min. The liberation of reducing sugars was estimated by the dinitrosalicylic acid method [25] using xylose as a standard. Reducing sugars were determined by measuring the absorption at 540 nm relative to a D-xylose standard. One unit of enzyme activity was defined as the quantity of enzyme required to liberate 1 lmol of xylose equivalent per minute at 40°C, and specific activity was defined as units per mg protein. The results were means of duplicate determination on triple independent measurements.
Properties of Purified XynZF
The temperature optimum was measured by performing the xylanase activity assay for 15 min at temperatures ranging from 35 to 60°C under pH 4.6 (Na 2 HPO 4 -citric acid buffer). The thermostability of xylanase was investigated at temperatures 35, 40, 45, and 50°C after incubation of the enzyme solutions in absence of substrate for 5, 10, 15, 20, 40 or 60 min, respectively. Residual activities were determined under xylanase activity assay conditions.
The effect of pH on xylanase activity was evaluated at the optimal temperature over a pH range of 3.0-9.0, using appropriate buffers (50 mM): Na 2 HPO 4 -citric acid buffer (pH 3.0-5.0), Na 2 HPO 4 -NaH 2 PO 4 buffer (pH 6.0-7.0), Tris-HCl buffer (pH 8.0) and glycin-NaOH buffer (pH 9.0) under xylanase activity assay conditions. Further study on the pH stability of the recombinant xylanase was carried out at 40°C by pre-incubation of the enzyme solutions in the aforementioned buffer systems in the absence of substrate at 40°C for 1 h. The pH values of various reaction solutions were adjusted to pH 4.6. Then they were subjected to xylanase activity assay.
Metal ions were generally considered as important factors affecting microbial enzyme activity. Each metal ion and EDTA (5 mM) was added in 5 ml of diluted enzyme to a final concentration of 1 mM. The effects of these additives were investigated after 1 h of incubation. The system without any additive was used as a control.
Results and Discussion
Gene Cloning and Sequence Analysis
A 818 bp xylanase cDNA sequence was amplified by RT-PCR from the total RNA of A. niger XZ-3S (Fig. 1a) , as well as a 746 bp xylanase DNA sequence was amplified by PCR from the genomic DNA (Fig. 2b) . The sequencing results showed that the full-length of RT-PCR product was the xynZF-2 cDNA, which was 785 bp in length [not including the poly(A)] harboring 3 0 -non-encoding regions, Amino acid homology alignment of the predicted xynZF-2 with other four xylanases from A. usamii (Genbank accession number: AEJ87263), Chaetomium thermophilum (Genbank accession number: CAD48750), Holomastigotoides mirabile (Genbank accession number: BAH56520), and Penicillium citrinum (Genbank accession number: BAE71133) was carried out (Fig. 3) . The similarities between A. niger with A. usamii, C. thermophilum, H. mirabile and P. citrinum were 89.47, 60.77, 56.94, and 64.11 %, respectively.
With the sequence of amino acids between xynZF-2 mature peptide and selected 13 kinds of xylanase from Genbank randomly phylogenetic tree analysis, we found that the topology of the evolutionary tree of the xynZF-2 was quite similar to that of the other GHF 11 xylanases and that the xynZF-2 should be classified into the family 11 glycosyl hydrolases (Fig. 4) [4, 10] . Through the CFSSP method analysis, we found that the xynZF-2 was consist of a-helix, b-sheet and a small amount of coner with the percentage 32.4, 46.7 and 16.0 %, respectively. Threedimensional structure modeling showed that xynZF-2 had a typical b-jelly coil structure of GH11 xylanase (Fig. 5) .
Expression of xynZF-2 Gene in E. coli
The gene fragment without the signal peptide-coding sequence of the xynZF-2 within the pET-28a-xynZF-2 vector was introduced into E. coli BL21(DE3) cells. After inducing the cells with 2 mM IPTG, the N-terminal His 6 -tagged xylanase was produced intracellularly. No xylanase was detected in the non-induced cells harboring the pET-28a-xynZF-2 (Fig. 6) . SDS-PAGE analysis revealed a band of approximately 31 kDa (Fig. 6, lanes 1, 2) , which was higher than the calculated molecular weight (24.04 kDa). Maybe because of the presence of the His-tag fusion peptide in expression vector pET-28a(?), the recombinant protein had 36 extra amino acids.
Properties of XynZF-2
Purified xylanase xynZF-2 was used to evaluate its biochemical properties. The optimum temperature and pH of recombinant enzyme were 40°C and pH 5.0, respectively (Fig. 7a, c) . From the Fig. 7b , we can see that the enzyme activity was relatively stable when the temperature is below 40°C, but when the temperature is above 40°C, enzyme activity decreased rapidly. With the enzyme stored at 50°C for 15 min or so, the activity has been basically completely lost. XynZF-2 is not thermotolerant, which prevents it from being applied in industrial process where high temperature is required, such as pulp and paper industry. Considering the rapid accumulation of DNA, cDNA or amino acid sequences of xylanases from different sources, the sequence-function analysis will be performed to gain a better understanding of xylanase, which will lead to the improvement in enzymatic properties of XynZF-2 by means of genetic engineering technology, such as N-terminus replacement or directed evolution.
Recombinant xynZF-2 was stable over a broad pH range, retaining more than 90 % of the activity after incubation at pH 5.0-9.0 for 1 h at 40°C (Fig. 7c) . This result is important because it increases the possibility for using this enzyme as an additive in biotechnological processes that involves alkali conditions. The activity of the purified recombinant enzyme in the presence of different metal ions or chemical reagents was determined (Table 1 , had little or no effect on the activity. The decrease in enzyme activity may be due to involvement of cations/additives with the structure and conformation of the enzyme. Fe 3? and Zn 2? enhanced the xylanase activity as that of B. subtilis AMX-4 [26] . Cu 2? slightly inhibited the activity of xylanase of A. niger XZ-3S as reported in various xylanases from Staphylococcus sp. SG-13 and Plectosphaerella cucumerina [27, 28] .
